ABSTRACT
Introduction
in the ocean by microstructure profilers, but the interpretation of these results has relied 46 on Kolmogorov's hypothesis of isotropic turbulence (Gregg and Sanford 1987; Lueck 1987; Hamilton et al. 1989; St. Laurent and Schmitt 1999; Inoue et al. 2008) . Kolmogorov (1941) 48 proposed that small-scale turbulence statistics are universal in the limit of high Reynolds
D/Dt = ∂/∂t + u · ∇ and ν are the material derivative and kinematic viscosity, respectively.
91
The variable π represents the reduced pressure (pressure scaled by the uniform density ρ 0 ).
92
The total buoyancy is defined as b = −g(ρ−ρ 0 )/ρ 0 , where g is the acceleration due to gravity.
93
Buoyancy acts in the vertical direction, as indicated by the vertical unit vectork. We assume 94 that equation of state is linear, and therefore the total buoyancy is the sum of thermal and 95 saline buoyancy components (b T and b S ), each governed by an advection-diffusion equation:
Molecular diffusivities of heat and salt are denoted by κ T and κ S , respectively. insulating with respect to both heat and salt (∂b T /∂z = ∂b S /∂z = 0).
101
To represent mixing in the high-gradient "interface" of a thermohaline staircase, we 102 initialize the model with a stratified shear layer in which shear and stratification are concen-
103
trated at the center of the vertical domain with a half-layer thickness of h:
The constants ∆u, ∆B T , and ∆B S represent the change in streamwise velocity, thermal buoy-105 ancy, and saline buoyancy across the half-layer thickness of h. For computational economy,
106
we set h = 0.3 m. This is at the low end of the range of observed layer thickness (e.g. Gregg
107
and Sanford 1987; Kunze 1994). The change in the total buoyancy is ∆B = ∆B T + ∆B S .
108
In all the DNS experiments, the initial buoyancy frequency ( ∆B/h) is fixed at 1.5 × 10 
111
These constants can be combined with the fluid parameters ν, κ T , and κ S to form non-112 dimensional parameters, which characterize the flow at t = 0: Ri = ∆Bh ∆u 2 ;
We have done 7 experiments with different Ri and R ρ ( initial flow is subjected to shear instabilities (Miles 1961; Howard 1961; Hazel 1972) . Here,
116
we chose high enough Ri to ensure that shear instabilities do not disrupt the growth of with Re = 0 and Ri = ∞ representing the unsheared case.
122
The density ratio, R ρ , quantifies the stabilizing effect of thermal to destabilizing effect 123 of saline buoyancy components; salt-fingering grows more rapidly as R ρ approaches unity.
124
We varied R ρ between 1.2 and 2, which covers the range of observational data available for 
144
The primary instability was seeded by adding an initial disturbance proportional to the 145 fastest-growing mode of linear theory, computed numerically as described in Smyth and 146 Kimura (2007). We seed square salt-fingering for Ri = ∞ and sheets in the presence of 147 shear. The vertical displacement amplitude is set to 0.02h, and a random noise was added 148 to the initial velocity field with an amplitude of 1 × 10 −2 hσ L to seed secondary instabilities.
149
The variable, σ L indicates the growth rate of the fastest growing linear normal mode.
150
The numerical code used to solve (1) -(3) is described by Winters et al. (2004 Figure 1 shows the salinity buoyancy field for the case Ri = 6, R ρ = 1.6 at selected times.
161
The time is scaled by the linear normal growth rate of salt sheets, σ L , described by Smyth
162
and Kimura (2007) . Figure 1a shows the salt-sheet instability; the planar regions of vertical 
Dissipation rates and isotropy

173
We will explore the geometry of scalar (thermal and saline buoyancy) and velocity gra-174 dient fields. The isotropy of scalar fields is diagnosed in terms of the thermal and saline 175 buoyancy variance dissipation rates:
Variables, b ′ T and b ′ S are thermal and saline buoyancy perturbations:
where B T and B S are horizontally averaged b T and b S , respectively. The angle brackets
178
indicate averaging over volume between −2h < z < 2h, where turbulent salt-fingering is 179 most active.
180
Turbulent kinetic energy dissipation rate, ǫ, is used to quantify the anisotropy of velocity 181 fields:
The primes indicate the perturbation velocity fields:
where U(z, t) is the streamwise velocity averaged over horizontal directions.
184
In shear-driven turbulence, the degree of isotropy is predicted by the buoyancy Reynolds 
where i ranges from 1 to 3 and is not summed over. Each of three different forms takes 207 exactly the same value for isotropic turbulence (e.g. structures (Kunze 1987 (Kunze , 1990 St. Laurent and Schmitt 1999) .
219
Signatures of salt-sheet anisotropy decrease with time in both saline and thermal buoy- salt-fingering-favorable stratification is maintained, and salt-sheet instability continues to 229 influence the anisotropy at small scales.
230
We turn now to the effects of Ri and R ρ on anisotropy in the turbulent regime, focusing on 231 the thermal buoyancy as it is easiest to measure. Time averages of the ratios χ T i over σ L t > 8 232 succinctly represent the Ri and R ρ dependences of anisotropy in the turbulent state (figure 4). 
241
As R ρ increases, the geometric characteristics of salt sheets become more dominant ( figure   242 4b), i.e., the contribution from χ T 2 increases with increasing R ρ , while the contribution from 243 χ T 1 decreases. Salt sheets become more horizontally isotropic (χ T 1 ≈ χ T 2 ) with decreasing 244 R ρ (figure 4b), as observed in laboratory experiments of salt-fingering by Taylor (1992).
245
b. Expressions for ǫ
246
In isotropic turbulence, ǫ can be represented by any one of the nine expressions:
with no summation over i and j (Taylor 1935). The variable, δ i,j , represents the Kronecker 248 delta function. In general, these expressions are unequal, and their differences reflect the 249 degree of anisotropy of the velocity gradients at dissipation scales.
250
We look first at expressions involving the three derivatives of the vertical velocity com-251 ponents, as these will prove to dominate. In the unsheared case (figure 5a), the contribution consistent with salt-sheet geometry, but unlike in the linear regime, the contribution from
2 is significant.
269
In both sheared and unsheared cases, the second largest contribution comes from w ′ ,z 2 .
270
This vertical divergence acts to squeeze the fluid vertically at the tips of rising and sinking
271
plumes. This vertical compression is compensated by normal strains in horizontal direc- 
277
The approximations using horizontal shear strain rates also show the influence of the 278 linear instabilities. The balances shown in the unsheared case, u shear-driven turbulence as described by Itsweire et al. (1993) and Smyth and Moum (2000) .
282
c. Impact of anisotropy on ǫ and χ T from vertical profilers
283
Observational estimates of dissipation rates are often based on data from vertical profilers.
284
These profilers measure the vertical change of horizontal velocities and temperature for which 285 ǫ and χ T are estimated by 
299
The ǫ z gives a poor estimate of ǫ, even in the turbulent regime (figures 7a and 7b). As 300 the flow evolves, ǫ z /ǫ increases from near zero but does not converge to unity. Instead, the 301 ratio becomes quasi-steady, ranging between 0.32 and 0.52 for σ L t > 8 ( figure 7a and 7b) . In 302 contrast, the value of χ z T /χ T becomes quasi-steady between 0.8 and 1.2 (figures 7c and 7c).
303
These results suggest that, in the presence of turbulent salt fingers, χ z T is an appropriate 304 approximation, but ǫ z underestimates ǫ by a factor of 2 to 3. 1983):
In turbulent mixing, mechanical energy that goes into mixing can be expended by raising 
315
The effective diffusivities of heat, salt, and momentum are defined via the standard flux-316 gradient relations:
Relationships between the thermal and saline buoyancy and momentum fluxes can be ex-318 pressed using the heat-salt flux ratio and the Schmidt number:
In salt-fingering and salt-sheet instabilities, an unstable distribution of mean saline buoyancy diffusivity of momentum to that of salt. Next, we will quantify the Ri and R ρ dependences 323 of Γ, the effective diffusivities, γ s , and Sc.
In 
in the absence of shear (Hamilton et al. 1989; McDougall and Ruddick 1992) . For fastest-332 growing fingers, Γ is a function of R ρ by substituting Stern 1975; Kunze 1987) . In the presence of shear, for the fastest-growing salt sheets, 
371
We also find that K S increases with decreasing R ρ ( figure 11b ). This R ρ dependence 
This Ri dependence differs significantly from the prediction of Kunze (1994) Table 1 . Relevant parameters used in our DNS experiments. The wave number of the fastest growing salt-fingering instability is determined by the magnitude of wave number, k 2 + l 2 , where k and l represent the streamwise and spanwise wave numbers. In the case of salt sheets (all cases except DNS5), there is not streamwise dependence (k = 0), where the salt-fingering case (DNS5) has k = l. In our DNS experiments, k 2 + l 2 is kept constant. T in the interpretations of observations. 46 Fig. 4 . Approximate thermal variance dissipation rate from derivatives of squared perturbations as a fraction of its true values for different Ri and R ρ . Each of the three different forms in (6) and (7) is normalized by its true value, χ S or χ T , to quantify the degree of anisotropy. Each ratio is averaged for σ L t > 8 to represent the geometry in the turbulent state. Ratios below unity are blue, above unity red, and equal unity black. Fig. 6 . Approximations of ǫ from each of the squared perturbation velocity derivatives as a fraction of its value, ǫ for different Ri and R ρ . Each ratio is averaged for σ L t > 8 to represent the geometry in the turbulent state. Ratios below unity are blue, above unity red, and equal unity black. Γ, Ri = 6, R ρ = 1.6 Fig. 8 . Evolution of (a) Γ and (b) Γ z normalized by its true value Γ for different Ri. These ratios are unity for isotropic turbulence as indicated by a thin solid line. 
List of Figures
(a) σ L t = 3.1 (b) σ L t = 5 (c) σ L t = 8.7 L x =χ S 1 /χ S χ S 2 /χ S χ S 3 /χ S χ T 1 /χ T χ T 2 /χ T χ T 3 /χ T (a) (b) σ L t∞ ∞ ∞ R ρ Ri Ri Ri (a) 6κ T b ′ T 2 ,x χ T (b) 6κ T b ′ T 2 ,y χ T (c) 6κ T b ′ T 2 ,z χ T∞ ∞ ∞ R ρ R ρ R ρ Ri Ri Ri (a) 15ν u ′ ,x 2 ǫ (b) 7.5ν u ′ ,y 2 ǫ (c) 7.5ν u ′ ,z 2 ǫ (d) 7.5ν v ′ ,x 2 ǫ (e) 15ν v ′ ,y 2 ǫ (f) 7.5ν v ′ ,z 2 ǫ (g) 7.5ν w ′ ,x 2 ǫ (h) 7.5ν w ′ ,y 2 ǫ (i) 15ν w ′ ,z 2 ǫRi = 0.5, R ρ = 1.6 Ri = 20, R ρ = 1.6 (b) ǫ z ǫ for different R ρ (b) ǫ z ǫ for different R ρ Ri = 6, R ρ = 1.2 Ri = 6, R ρ = 2 Ri = 6, R ρ = 1.2 Ri = 6, R ρ = 2 (c) χ z T χ T for different Ri (c) χ z T χ T for different Ri σ L t (d) χ z T χ T for different R ρ σ L tΓ, Ri = ∞, R ρ = 1.6 Γ z /Γ, Ri = 0.5, R ρ = 1.6 Γ z /Γ, Ri = 6, R ρ = 1.6 Γ z /Γ, Ri = ∞, R ρ = 1.6 Γ Γ z /Γ σ L t (a) (b)
